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of genomic differentiation, yet it remains an open question which eco-
logical and evolutionary forces generate these patterns. The leading hy-
pothesis is that this similarity in divergence is driven by parallel natural
selection. However, several recent studies have suggested that these
patterns may instead be a product of the depletion of genetic variation
that occurs as result of background selection (i.e., linked negative selec-
tion). To date, there have been few direct tests of these competing hy-
potheses. To determine the relative contributions of background selec-
tion and parallel selection to patterns of repeated differentiation, we
examined 24 independently derived populations of freshwater stickle-
back occupying a variety of niches and estimated genomic patterns of
differentiation in each relative to their common marine ancestor. Pat-
terns of genetic differentiation were strongly correlated across pairs of
freshwater populations adapting to the same ecological niche, sup-
porting a role for parallel natural selection. In contrast to other recent
work, our study comparing populations adapting to the same niche pro-
duced no evidence signifying that similar patterns of genomic differen-
tiation are generated by background selection.We also found that over-
all patterns of genetic differentiation were considerably more similar for
populations found in closer geographic proximity. In fact, the effect of
geography on the repeatability of differentiation was greater than that
of parallel selection. Our results suggest that shared selective landscapes
and ancestral variation are the key drivers of repeated patterns of differ-
entiation in systems that have recently colonized novel environments.
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The evolution of the same phenotypic traits in indepen-
dent populations inhabiting similar environments, known
as parallel or convergent evolution, is generally accepted as
evidence for the action of parallel natural selection (Endler
1986; Schluter 2000; Losos 2011; Bolnick et al. 2018) be-
cause chance processes are unlikely to yield repeated phe-
notypic evolution (Schluter and Nagel 1995). Using a sim-
ilar logic, many recent studies have used genomic scans
to search for evidence of parallel genetic differentiation
among closely related species or populations adapting to
similar environments (e.g., Fraser et al. 2015; Ravinet et al.
2016; Reid et al. 2016; Rougemont et al. 2017; Trucchi
et al. 2017). In these studies, shared outliers and/or similar
patterns of genetic differentiation (FST or DXY) across the
genome have been taken as evidence of parallel adaptation
to local ecological conditions.
Similar differentiation landscapes across the genomehave
also been found to evolve in the absence of ecological or phe-
notypic parallelism (e.g., Martin et al. 2013; Renaut et al.
2014; Burri et al. 2015; Vijay et al. 2016). This has led to
the argument that perhaps parallel natural selection alone
does not drive repeatable genomic differentiation (e.g., Bank
et al. 2014; Cruickshank and Hahn 2014; Haasl and Payseur
2016; Burri 2017). Rather, shared patterns of genomic differ-
entiation could be generated by long-term linked selection
in a heterogeneous recombination landscape that is shared
among taxa due to synteny (Bank et al. 2014; Cruickshank
and Hahn 2014; Haasl and Payseur 2016; Burri 2017).
Linked selection occurs when a mutation at one locus af-
fects the allele frequencies of loci in linkage disequilibrium
(reviewed by Barton 2000). Linked selection is referred to
as genetic hitchhiking when selection on the focal locus is
positive and as background selection when selection on the
focal locus is negative (Charlesworth et al. 1993). It has been
argued that background selection would more often lead to123.146 on December 17, 2019 11:19:13 AM
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000 The American Naturalistsimilar patterns of differentiation than genetic hitchhiking
because the opportunity for positive selection to affect the
same genomic regionmultiple timesmay be limited (Burri
2017). In support of this argument, theoretical work sug-
gests that genomic parallelism may only be seen when the
selection landscape is highly parallel (Thompson et al.
2019). However, computer models suggest that the effects
of background selection on the divergence landscape may
be modest (Zeng and Charlesworth 2011; Matthey-Doret
and Whitlock 2018; Zeng and Corcoran 2018). Addition-
ally, background selection has failed to explain some em-
pirical patterns (e.g., Irwin et al. 2016, 2018), and it may be
the case that there has not been sufﬁcient time for drift
and/or negative selection to inﬂuence differentiation in re-
cently diverged species (Burri 2017; Delmore et al. 2018).
Given these differing theoretical and empirical results, we
used a comparative approach to disentangle the contribu-
tions of background selection and parallel positive selec-
tion to the repeatability of genomic differentiation in a re-
cently diverged species.
We furthermore determined whether the source of ge-
netic variation can inﬂuence the likelihood of observing
shared genomic divergence (MacPherson and Nuismer
2017; Thompson et al. 2019). Shared standing genetic var-
iation and/or introgression betweenpopulations experienc-
ing parallel natural selection may more often facilitate the
evolution of similar patterns of genomic differentiation
compared with de novo mutation (MacPherson and Nuis-
mer 2017), owing to the ﬁxation advantages conferred by
higher initial allele frequencies (Innan and Kim 2004). To
evaluate the role of shared standing genetic variation, we
tested whether closer geographic proximity predicted an
increased similarity of genomic differentiation, as nearby
populations likely shared more initial standing genetic
variation.
The recent diversiﬁcation of threespine stickleback
(Gasterosteus aculeatus) across the globe provides an ex-
cellent system to test the hypothesis that parallel selec-
tion is the dominant force determining the degree of
shared genomic differentiation. At the end of the last ice
age (10,000–12,000 years ago), marine stickleback colo-
nized newly formed freshwater habitats (Bell and Foster
1994). Phenotypically, these freshwater populations are
more similar to one another than to their marine ancestors
(Bell and Foster 1994), despite being independently de-
rived. Among freshwater populations there has been more
parallel phenotypic differentiation, with benthic, limnetic,
stream, and solitary lake ecotypes arisingmultiple times in-
dependently (Bell and Foster 1994; Taylor and McPhail
2000). These freshwater populations occur in both the At-
lantic and Paciﬁc Ocean basins and span distances exceed-
ing 20,000 km, with colonization occurring at similar times
across the basins (Bell and Foster 1994).This content downloaded from 169.228.
All use subject to University of Chicago Press Terms We leveraged existing genomic data from independent
populations of stickleback to assess the contributions of
parallel positive selection, background selection, and shared
standing genetic variation to patterns of genome-wide dif-
ferentiation. First, we tested the prediction that population
pairs with more similar ecology would exhibit a more sim-
ilar pattern of genomic differentiation due to parallel posi-
tive selection. Second, we tested the prediction that in the
absence of background selection, population pairs occu-
pying the same niche, and thus diverging neutrally, would
have largely dissimilar patterns of differentiation across the
genome. Finally, we tested the prediction that geographi-
cally proximate populations that have evolved from more
genetically similar marine founders would exhibit more
similar patterns of genomic differentiation due to starting
with more shared standing genetic variation.Methods
Data Acquisition
We used a subset of the short-read data set for threespine
stickleback compiled by Samuk et al. (2017). The data set
consisted of individuals from 24 independent freshwater
populations. These populations included solitary popula-
tions adapted to lakes (11) or streams (7) and sympatric
benthic (3) and limnetic (3) species pairs (ﬁg. 1A). As the
Eastern Paciﬁc marine population is generally considered
to be panmictic, the marine reference population was an
amalgamation of whole genome sequences from nine Pa-
ciﬁc Ocean locations collected along the West coast of
North America. Additional population details can be found
in table S1, available online.Data Preparation and Variant Calling
We focused on single-nucleotide polymorphisms (SNPs) in
our analysis, whichwe identiﬁedusing a standard, reference-
based bioinformatics pipeline consisting of custom R 3.2.2
(R Development Core Team 2016) and Perl scripts (all of
which are available in the following GitHub repository:
https://github.com/ksamuk/gene_ﬂow_linkage; see also Sa-
muk et al. 2017). Brieﬂy, we demultiplexed the reads and
used Trimmomatic 0.32 (Bolger et al. 2014) to ﬁlter out
low-quality sequences and adapter contamination. We
then aligned reads to version the stickleback reference ge-
nome (Jones et al. 2012) using BWA 0.7.10 (Li et al. 2009),
followed by realignment with STAMPY 1.0.23 (Lunter
and Goodson 2011). The GATK 3.3.0 (McKenna et al.
2010) best practices workﬂow (DePristo et al. 2011) was
followed, except for the MarkDuplicates step, which we
skipped when reads were derived from reduced repre-
sentation libraries (RAD and GBS). We realigned reads123.146 on December 17, 2019 11:19:13 AM
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Parallel Genome-wide Differentiation 000around indels (RealignTargetCreator, IndelRealigner),
identiﬁed SNPs in individuals using the HaplotypeCaller,
and jointly genotyped the entire data set using Geno-
typeGVCFs. The results were then output as a variant callThis content downloaded from 169.228.
All use subject to University of Chicago Press Terms format containing all genotyped sites (variant and invari-
ant) and converted to tabular format for downstream anal-
yses. For more details on the pipeline, see the scripts refer-
enced above.Mb along Chromosome 4
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Figure 1: A, Sampling locations for the 24 freshwater populations of stickleback. B, Marine-freshwater FST proﬁles for linkage group 4 for
two representative populations of each of the four freshwater ecotypes. Shades of gray correspond between panels A and B. A color version
of this ﬁgure is available online.123.146 on December 17, 2019 11:19:13 AM
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Quantiﬁcation of Repeatability
We estimated average genetic differentiation (FST) between
the marine reference population and each freshwater pop-
ulation for SNPs within 150-kb windows across the ge-
nome. A windowed approach was used to facilitate the
comparison of FST among populations sequenced using
different technologies. We also estimated genetic differen-
tiation between pairs of lake populations using Weir and
Cockerham’s (1984) FST. We calculated these estimates
by dividing the sum of the numerators of all SNPwise FST
estimates within the window by the sum of their denom-
inators. To estimate average FST accurately, we dropped
windows if they contained fewer than three SNPs. To esti-
mate repeatability, we correlated FST values of all windows
across the genome between population pairs using Pear-
son’s correlation coefﬁcients. Signiﬁcance testing of indi-
vidual correlation coefﬁcients was done using the Hmisc
package in R, and correction for multiple testing was done
using the BH method (Benjamini and Hochberg 1995)
with the p.adjust function. DXY (Nei and Li 1979) was also
estimated for marine-freshwater comparisons in 150-kb
windows, and these windows were used to estimate pair-
wise Pearson’s correlation coefﬁcients. The results based
on the correlation coefﬁcients of marine-freshwater com-
parisons using DXY were qualitatively the same as those
for FST and are reported in the supplemental material (see
ﬁg. S1; ﬁgs. S1–S4 are available online). In recently diverged
populations, segregating ancestral variation is an impor-
tant determinant of DXY. Correspondingly, shared ances-
tral variation will result in overestimation of correlations
in DXY for population pairs in the absence of divergent se-
lection. Because we expected that the freshwater-freshwater
comparisons used for the FST analysis are evolving neu-
trally, they were not a useful control for estimating the
expected correlations in DXY.Correlations of Genome-wide Differentiation among
Marine-Freshwater Population Pairs and Neutrally
Evolving Lake Population Pairs
The genome-wide pairwise Pearson’s correlation coefﬁ-
cients of FST values were used to compare the effects of par-
allel selection (i.e., one marine-freshwater population pair
compared with another marine-freshwater population
pair) relative to the neutral expectation (i.e., one pair of
freshwater lakes compared with another independent pair
of freshwater lakes). For a schematic of these two types of
comparisons, see ﬁgure 2. To test for the effect of the type
of selection (positive or background), we used linear
models with average pairwise correlations of genome-wide
differentiation as the response variable and divergent selec-This content downloaded from 169.228.
All use subject to University of Chicago Press Terms tion as the predictor (divergent or nondivergent). Signiﬁ-
cance testing was accomplished by resampling divergent
selection categorizations 10,000 times and recalculating
the mean correlation to form a null distribution to estimate
the signiﬁcance. For simplicity, this analysis was restricted
to populations from the Paciﬁc basin. We also exclude
pseudoreplicated population comparisons where the same
lake population was included in both pairs (e.g., pair 1p
Boot Lake and Roberts Lake; pair 2 p Misty Lake, and
Roberts Lake would be excluded). However, we report a
version of the analysis including these pairs in the supple-
mental material to show that the pattern holds regardless
of pruning.
Contribution of Parallel Natural Selection and
Geographic Proximity to Genome-wide
Repeatability in Differentiation
To test the effects of niche similarity and geography on
genome-wide repeatability, we again used pairwise Pearson’s
correlation coefﬁcients of windowed estimates of FST. We
used multiple regression analyses implemented in the ecod-
ist package in R (999 permutations, multiple regression on
distance matrices [MRM] function) for this analysis, eval-
uating the contribution of distance matrices quantifying
ecology and geography. First, we quantiﬁed ecology and
geography using binomial variables, as “same freshwater
niche” or “different freshwater niche” for ecology and
“same ocean basin” (Paciﬁc or AtlanticOcean) or “different
ocean basin” for geography. Second, we quantiﬁed ecologyMarine Population
Parallel Selection
Neutral Divergence
Lake Population 3
Lake Population 1 Lake Population 2
Lake Population 4
FST
FSTFST
FST
Figure 2: Schematic outlining the structure of pairwise popula-
tion comparisons.123.146 on December 17, 2019 11:19:13 AM
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vious work has shown that the ecology and diet of stream
populations are more similar to those of benthic popula-
tions, while the same factors in solitary lake populations
tend to be more similar to those of limnetic populations
(Berner et al. 2008, 2009). We gave populations occupying
the same niche (e.g., benthic and benthic or stream and
stream) a score of 3 (themaximum), populations occupying
similar niches a score of 2 (e.g., benthic and stream or lim-
netic and lake), and populations occupying the most dis-
similar niches a score of 1 (e.g., limnetic and stream or ben-
thic and lake). We quantiﬁed geography as a continuous
estimate of pairwise distance within the same ocean basin,
determined by computing the Euclidean distance (square-
root transformed for normality). Note that some popula-
tion pairs included in these analyses come from the same
watershed (e.g., stream and lake populations from Boot
Lake). Accordingly, we randomly sampled one population
from each of these pairs to run our analyses. We repeated
this downsampling 512 times, which is all possible combi-
nations of our pairs.Results
Repeatability of Genomic Differentiation among
Marine-Freshwater Population Pairs
Therewas considerable variation amongmarine-freshwater
population pairs in the magnitude of genomic differentia-
tion (see ﬁg. S2 for a principal component analysis of the
populations); mean genome-wide FST ranged from 0.25 to
0.71 (mean FST p 0:47). There was also variation across
the genome; genome-wide variance in FST ranged from
0.03 to 0.06 among population pairs (ﬁg. 1B). Despite this
variation, correlation coefﬁcients (r) comparing windowed
estimates of FST across population pairs ranged from 0.06
to 0.84 (mean r p 0:38) and were signiﬁcantly positive
for all population pairs after correction for multiple testing
(P ! :05). Thus, the locations of genetic differentiation be-
tween marine and freshwater populations are often the
same between independently derived population pairs.Contribution of Background Selection
to Repeated Genomic Differentiation
There was also considerable variation in the magnitude of
genomic differentiation between the independent fresh-
water lake populations used as our neutral reference pop-
ulations. Values of FST spanned a range from 0.12 to 0.73
(mean FST p 0:48). However, FST was more similar be-
tween marine-freshwater population pairs (mean r p
0:49) than between the lake-lake population pairs (mean
r p 0:07). The difference in the averagemagnitude of cor-This content downloaded from 169.228.
All use subject to University of Chicago Press Terms relation between the two types of comparisons was signif-
icant using a permutation test (difference in mean r p
0:42, P ! :0001; ﬁg. 3A). Thus, background selection does
not account for the full extent of genomic repeatability.Contribution of Parallel Natural Selection
and Geographic Proximity to Repeated
Genomic Differentiation
Both ecology and geography explain a signiﬁcant propor-
tion of the variation in correlation coefﬁcients comparing
windowed estimates of FST across marine-freshwater pairs.
For example, anMRM including both ecology and geogra-
phy (quantiﬁed as “same” or “different” ecology and geog-
raphy, respectively) explained 56% of the variation in FST
correlation coefﬁcients (R2 p 0:56, Pp :0001). There
was a negative relationship between bothmatrices and cor-
relation coefﬁcients, suggesting that parallel natural selec-
tion is stronger when ecology is more similar (r p 20:07,
Pp :06) and populations are closer (r p 20:27, Pp
:0001 [averages over repeated downsampling; ecology sig-
niﬁcant predictor in 57% of samples, geography in 100%]).
The regression coefﬁcient for geography was much higher
than that for ecology, suggesting that geography explains a
larger portion of the variation. We obtained similar results
when quantifying ecology (ﬁg. S3) and geography (ﬁg. S4)
using continuous variables (MRM, geography quantiﬁed
using Euclidean distance, R2 p 0:54, Pp :0003; for ecol-
ogy, r p 24:7#1022, Pp :08; for geography, r p
23:7#1025, Pp :0003; ecology signiﬁcant in 45% of
downsamples and geography 100%). Ecology and geog-
raphy are not on the same scale in this analysis, preventing
a direct comparison of correlation coefﬁcients. However,
when we reran this analysis excluding ecology, the model
R2 was 0.49 (vs. 0.54 when ecology was included), sug-
gesting that geography explains a larger portion of the
variation in FST repeatability. When controlling for diver-
gence time from the marine reference by limiting pairwise
comparisons to only those within the same ocean basin, we
still ﬁnd that both more similar ecology and closer geo-
graphic proximity result in higher FST correlation coef-
ﬁcients (ﬁgs. S3, S4).Discussion
Repeatability of Genome-wide Differentiation
Is Not due to Background Selection
In contrast to recent work in other taxa, we do not ﬁnd
strong evidence that similarity in genome-wide patterns
of differentiation has been driven by background selection,
as pairs of populations evolving in the absence of divergent
selection show little similarity in the genomic locations of123.146 on December 17, 2019 11:19:13 AM
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000 The American Naturalistgenetic differentiation. This ﬁnding was not an artifact of
different magnitudes of divergence between population
comparisons with and without parallel divergent selection,
as average FST was essentially the same in marine-lake and
lake-lake comparisons. This pattern also suggests that drift
is unlikely to be a key player in generating strong corre-
lations in genomic differentiation. Given our results, we
argue that genome-wide correlations in differentiation are
truly reﬂective of shared positive selection and likely par-
allel genetic evolution in some cases. Our results are in
line with recent work suggesting that the effects of back-
ground selection on differentiation are modest (Zeng and
Charlesworth 2011; Matthey-Doret and Whitlock 2018;
Zeng and Corcoran 2018) and cannot explain the extreme
patterns of differentiation documented in empirical stud-
ies (Irwin et al. 2016, 2018).
The natural history of this species is consistent with our
ﬁndings. Since all freshwater populations examined are
postglacial, and therefore less than 12,000 years old, it is
unlikely that there has been sufﬁcient novel mutation in
all populations to generate large-scale parallel divergence
due to linked background selection alone. The idea that
there have been insufﬁcient novel mutations in this system
is supported by the key role of standing genetic variation in
adaptation to freshwater (e.g., Jones et al. 2012). Other spe-
cies where there has been rapid adaptation aided by stand-
ing genetic variation (e.g., African cichlids) may also haveThis content downloaded from 169.228.
All use subject to University of Chicago Press Terms only weakly correlated patterns of genetic differentiation
in the absence of parallel selection. Differences in the stage
of speciation may explain the conﬂicting results observed
across various taxa. Speciﬁcally, the populations of stick-
lebacks compared here are in the very early stages of speci-
ation, and it was recently suggested that background selec-
tion will have a greater effect on genomic differentiation
later in the speciation process. This suggestion derives from
the fact that drift and negative selection will take time to in-
ﬂuence differentiation (Burri 2017; Delmore et al. 2018).
Regardless of the age of the study system, control compar-
isons, such as those we employ here with nondivergent
lake-lake comparisons (and see Vijay et al. 2016), will pro-
vide an important reference point for researchers inter-
ested in measuring the contribution of parallel selection
to the generation of genomic parallelism.Parallel Selection and Geographic Proximity both
Contribute to Repeated Genomic Differentiation
Populations of stickleback with more similar ecological
niches and in closer geographic proximity were found to
havemore similar patterns of genomic differentiation. This
ﬁnding suggests that repeatable genome-wide patterns of
genetic differentiation are indeed predicted to some degree
by parallel natural selection. Interestingly, we ﬁnd that geo-
graphic proximity is a much better predictor of repeated0.0
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Figure 3: A, Comparison of pairwise correlation coefﬁcients for FST between marine-freshwater population pairs (evolving with parallel
selection) or lake-lake population pairs (diverging neutrally). B, Comparison of pairwise correlation coefﬁcients for marine-freshwater
FST between population pairs found within the same ocean basins and in different ocean basins. Population pairs with the same ecology
are indicated in light gray, and those with different ecology are indicated in dark gray.123.146 on December 17, 2019 11:19:13 AM
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20.27 in quantitative MRM vs. 20.07 for ecology). This
ﬁnding is consistent with mathematical modeling, which
has suggested an important role for the geographic struc-
ture of populations in determining the probability of ge-
netic convergence (Ralph and Coop 2015). The ﬁnding that
ecological similarity explains less variation than geographic
proximity is also consistent with previous empirical work
emphasizing the importance of factors other than ecology.
For example, Renaut et al. (2014) examined genomic repeat-
ability between three sister pairs of sunﬂowers and found
that while FST correlation coefﬁcients were highest for pairs
that diverged along same selective gradient (latitude), this
factor explained a relatively small fraction of the variation
(4%). Previous work in Littorina has also found limited
support for ecological similarity explaining broad patterns
of genomic repeatability (Ravinet et al. 2016). However, it
is important to consider that our metric of ecological sim-
ilarity is based only on niche type and therefore very coarse.
Multidimensional variation in the selection landscape would
perhaps explainmore variation in themagnitude of repeat-
ability exhibited among population pairs.
Similarity of abiotic agents of selection, gene ﬂow, and
initial pools of genetic variation could drive the substantial
contribution of geographic proximity to repeated genetic
variation. Geographically proximate populations likely ex-
perience more similar abiotic selective pressures—for ex-
ample, temperature or mineral availability—which would
conceivably lead togreater repeatability ingenome-widedif-
ferentiation. In some watersheds there is also ongoing gene
ﬂow between marine and freshwater ﬁsh (e.g., Jones et al.
2012; Vines et al. 2016), which could lead to the sharing of
adaptive alleles between geographically proximate fresh-
water populations. However, there is currently no evidence
of direct gene ﬂow between watersheds, as freshwater ﬁsh
are often landlocked and are unlikely to survive migration
through high-salinity ocean waters.
More similar pools of initial variation among geograph-
ically proximate marine colonizers may also promote in-
creased repeatability given the importance of standing ge-
netic variation in the marine ancestors for adaptation to
freshwater in sticklebacks (Colosimo et al. 2005; Schluter
and Conte 2009; Jones et al. 2012). Adaptation from stand-
ing genetic variation provides a reduced waiting time for
ﬁxation of beneﬁcial alleles, relative to novel mutation, be-
cause beneﬁcial alleles are immediately available and start
at higher initial frequencies (Innan and Kim 2004). Theo-
retical work has also shown that the probability of ﬁxation
is higher for alleles drawn from standing variation (Orr and
Betancourt 2001). During rapid adaptation, the ﬁxation ad-
vantages conferred by standing genetic variation may lead
to biases in the frequency of gene use over the course of evo-
lution, where loci with standing genetic variation contributeThis content downloaded from 169.228.
All use subject to University of Chicago Press Terms to adaptation more frequently than those that require var-
iation to be generated through novel mutation. Thus, when
comparing the location of differentiation among indepen-
dently derived population pairs, there may be greater repeat-
ability when there is a more similar initial pool of variation.
Theoretical work also predicts that when comparing
across populations founded by ancestors with similar pools
of standing genetic variation, loci with standing genetic
variation will exhibit more similar patterns of evolution
(MacPherson andNuismer 2017). Laboratory experiments
conducted under parallel selective regimes are also consis-
tent with this prediction, as adaptation from standing ge-
netic variation has been shown to lead to greater genetic
parallelism than novel mutation (Teotónio et al. 2009).
Thus, shared standing variation likely plays a key role in
generating the considerable levels of repeatability seen in
the locations of differentiation among freshwater stickle-
back populations. More broadly, our ﬁndings may suggest
that parallel selection alone is unlikely to generate strong
patterns of genomic parallelism and that other genetic fac-
tors that bias evolutionary trajectories, such as the source
of variation, may be important determinates of patterns
of parallel evolution.Acknowledgments
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